Background: Immunoassays used to measure insulin-like growth factor (IGF)-I and -II concentrations are susceptible to interference from IGF-binding proteins. The aim of this study was to investigate the association of IGF-I and -II concentrations at birth with neonatal anthropometry using a liquid chromatography/mass spectrometry (LCMS) assay. Methods: LCMS was used to measure IGF-I and -II concentrations in umbilical cord blood of term, healthy infants enrolled in the Cork BASELINE Birth Cohort Study. Weight, length, and occipitofrontal head circumference (OFC) were measured at birth and 2 months. Results: Cord blood IGF-I and -II concentrations were measured in 1,100 infants. Mean (SD) IGF-I and -II concentrations were 52.5 (23.9) ng/mL and 424.3 (98.2) ng/mL, respectively. IGF-I and -II concentrations at birth were associated (p < 0.05) with weight (R 2 = 0.19, R 2 = 0.01), length (R 2 = 0.07, R 2 = 0.004), and OFC (R 2 = 0.03, R 2 = 0.04) at birth. Low IGF-I concentrations at birth were associated with increases in weight (p < 0.001) and OFC (p < 0.01) Zscores in the first 2 months. Conclusion: Using an LCMS assay, we have shown that anthropometric parameters at birth are associated with IGF-I and weakly with IGF-II concentrations. This indicates that, at the time of birth, IGF-I is the more important growth factor for regulating infant growth.
quently, congenital GH deficiency is associated with normal size at birth [3] , while mutations affecting IGF-I [4, 5] and IGF-II [6, 7] signaling affect birth size in humans and mouse models, with up to 60% reductions [8, 9] .
Numerous factors outside of the GH/IGF axis may influence prenatal IGF-I and -II production. Umbilical cord blood samples from female infants have higher IGF-I concentrations than from males [10] . Maternal factors such as cigarette smoking [11] , obesity [12] , and preeclampsia [13, 14] may also affect IGF concentrations, although most studies to date have focused on IGF-I and not IGF-II measurements. Furthermore, small studies have demonstrated a correlation between cord blood IGF-I concentration and birth size [15] [16] [17] , but the association for IGF-II is reported to be weak or absent [16, 18, 19] .
Over 90% of circulating IGF-I and -II is bound to IGFbinding proteins (IGFBPs), prolonging their serum halflife and regulating their bioavailability. Prior to measurement, IGF-I and -II must be separated from these IGFBPs, and extraction methods such as acid ethanol precipitation are commonly used [20] . This approach recovers only 75-80% of the IGF-I complexed to IGFBPs [21] , and may affect the reliability of the reported measurements. This interference is likely to be more problematic in infants, who have lower IGF concentrations and higher concentrations of some of the IGFBPs than older children [22] . For example, IGFBP-1 concentrations can be increased by the stress of labor [23, 24] , or in pregnancies complicated by preeclampsia [14] , and it is likely that interference will significantly affect IGF measurement accuracy when susceptible assays are used. Differences in IGF-I measurements also have been attributed to their reliance on different reference populations, resulting in assay-specific reference ranges, but a study of six IGF-I immunoassays using the same healthy population-based reference samples still yielded different assay-specific reference ranges with variations most noticeable at higher IGF-I concentrations [25] .
Liquid chromatography/mass spectrometry (LCMS) assays are now available to measure IGF-I and -II concentrations [26] , a method that is less susceptible to IGFBP interference even in the presence of supraphysiological levels of IGFBP-3 [27] . Isotopically labeled IGF-I can be used with the LCMS assay to adjust for the IGF-I and -II lost in acid ethanol extraction and chromatography, further improving the accuracy of this method. We hypothesized removing IGFBP interference from IGF-I and -II measurement at birth would allow us to study the relationship between IGF-I and -II concentrations with size at birth and early infant growth. The aim of this study was to explore the relationships of age-and gestational agecorrected umbilical cord IGF-I and -II concentrations measured at birth by LCMS with weight, length, and occipitofrontal head circumference (OFC) at birth and 2 months.
Methods
The Cork BASELINE birth cohort includes healthy Irish children born between August 2008 and August 2011 (ClinicalTrials. gov NCT: 01498965). A detailed description of this cohort has been reported previously [28] . Firstborn children of singleton pregnancies born to low-risk mothers were included in this study. Exclusion criteria were maternal prepregnancy hypertension, prepregnancy or gestational diabetes, renal disease, systemic lupus erythematosus, antiphospholipid syndrome, major uterine anomalies, major fetal anomalies, cervical cone biopsy, and ≥3 miscarriages. The Clinical Research Ethics Committee of the Cork Teaching Hospitals approved this study procedures and protocol, and parental consent was provided for participation.
Subjects
For this study, all children born between 37 and 42 weeks' gestation were included. Gestational age was determined by the first day of the last menstrual period. If fetal ultrasound was performed before 16 weeks' gestation and a discrepancy of greater than 6 days was noted, ultrasonographic gestational age was used. Similarly, gestational age was determined by ultrasound if performed up to 21 weeks' gestation and a discrepancy of 10 days was noted. Smoking status during the first trimester was ascertained by self-report during pregnancy.
Anthropometry
Weight, length, and OFC were measured on the first day of life using standardized protocols. A Harpenden neonatometer (Harlow Healthcare, London, UK) was used to measure supine length, and naked weight was measured using the Seca 384 Baby Scales (Seca, Hamburg, Germany). Sex-and gestational age-specific Zscores for weight, length, and OFC were generated from the UK reference charts [29] using Stata 12.0 (StataCorp, TX, USA) [30] . Subjects were measured again at 2 months of age using the same standardized protocols.
Sample Collection and Storage
Umbilical cord blood samples were collected at birth and processed to serum within 3 h of collection. They were stored at -80 ° C until analysis.
Mass Spectrometry
IGF-I and -II concentrations were measured by Quest Diagnostics (San Juan Capistrano, CA, USA) using LCMS, in an approach described in detail elsewhere [27, 31] . Isotopically labeled IGF-I was added to the sample as an internal standard for IGF-I and -II. IGF-I and -II were released from their binding proteins by an acid ethanol extraction followed by automated online extraction and analytical chromatography using an Aria TX-4 (Thermo-DOI: 10.1159/000486035
Fisher, San Jose, CA, USA). IGF-I and -II were quantitated using a time-of-flight mass spectrometer using narrow mass extraction of full-scan spectra. The internal standard was used to adjust for any procedural losses during extraction.
Performance characteristics of this assay have been previously described [27, 31] . For IGF-I using quality control samples, the interassay coefficient of variation and percent recovery were 5 and 104% at 100 ng/mL, 5.2 and 103% at 400 ng/mL, and 3.5 and 103% at 700 ng/mL. For IGF-II, the interassay coefficient of variation and percent recovery were 6.1 and 102% at 200 ng/mL, 3.2 and 99% at 500 ng/mL, and 5.3 and 99% at 1,200 ng/mL. Similar performance was seen with serum pools [27, 31] .
Statistical Analysis
The lower limit of detection of IGF-I using this assay is 16 ng/ mL; samples with concentrations below this limit were assigned a value of 15 ng/mL. Similarly, the lower limit of detection of IGF-II was 32 ng/ml; samples with concentrations below 32 ng/mL were assigned a value of 31 ng/mL. Sex-specific reference curves for IGF-I and IGF-II concentrations were generated using LMS Chartmaker Pro (Harlow Printing Ltd., South Shields, UK). The LMS method [32, 33] uses a Box-Cox transformation to obtain normality. Three distinct curves were generated for skewness, median, and variability. These were combined in one graph, with smoothening of changes over time. They were then adjusted until fit of the curve was visually optimized as per software recommendations. IGF-I and IGF-II concentrations were then converted to age-and sex-specific Z-scores from this population for subsequent analysis.
Data analyses were performed using SPSS 22.0 (IBM, New York, NY, USA). Normally distributed data were described as mean (SD) and compared using independent-sample t tests. Linear regression analysis was used to determine the relationship between continuous variables. Multiple linear regression analysis was performed to determine the relationship of IGF-I or -II Zscores at birth with the infant's weight, length, head circumference, and gestational age at birth and maternal BMI.
Results
A total of 1,100 term infants (563 male) met the inclusion criteria for this study. Characteristics of the population are shown in Table 1 Correlation with Anthropometry and Early Growth Z-scores for gestational age-and sex-specific IGF-I concentrations at birth correlated with weight, length, and OFC Z-scores at birth. The strongest association was with birth weight (R 2 = 0.19). Length and weight Z-scores at age 2 months correlated significantly with IGF-I concentrations at birth, but the strength of the association was lower than at birth. Over 2 months, weight R 2 decreased from 0.19 to 0.02 and length R 2 decreased from 0.07 to 0.04. Although IGF-II concentrations correlated significantly with weight, length, and OFC at birth, this accounted for <1% of the variance seen in each of these parameters (Table 2) . Multiple linear regression analysis including these measurements at birth with maternal BMI at 15 weeks' gestation and gestational age increased the R 2 for IGF-I to 0.21 and for IGF-II Z-score to 0.01 (Table 3) . Both IGF-I and -II concentrations at birth were associated with length at age 2 months (p < 0.001 and p = 0.04, respectively), while only IGF-I concentration at birth was associated with weight at 2 months (p < 0.001). The rates of change in OFC and weight Z-scores over the first 2 months of life were negatively associated with IGF-I concentrations at birth. IGF-II concentrations at birth were not associated with growth trajectories in weight, length, or OFC over the first 2 months (Fig. 2 ).
An increase in weight, OFC, and length Z-score of 1 or more over the first 2 months was seen in 198, 250, and 343 infants, respectively. Those with an increase in weight Zscore of 1 or more had significantly lower mean IGF-I Zscores at birth (-0. 
Factors Influencing IGF Concentrations
Of the 1,100 infants included in this study, 40 had birth length and 57 had birth weight below the 10th percentile. In those with birth length below the 10th percentile, IGF-I Z-scores (-0.7 vs. 0.1, p < 0.001) and IGF-II Z-scores (-0.3 vs. 0, p = 0.03) at birth were lower (Fig. 3d) . This was (Fig. 3e) . Maternal cigarette smoking during the first trimester and preeclampsia were associated with lower mean (SD) cord IGF-I concentrations (p < 0.001 and p = 0.04, respectively) but not IGF-II concentrations (p = 0.2 and p = 0.5, respectively). Maternal BMI >30 (n = 137) at 15 weeks' gestation was not associated with increased umbilical cord IGF-I or -II concentrations (p = 0.4 and 0.5, respectively) ( Table 4 ).
Discussion
We have described the largest reported population of infants with IGF-I and -II concentrations measured at birth using LCMS. We have used an LCMS assay that is less susceptible to IGFBP interference [27] , thus generating accurate measurements at an age where IGF-I concentrations tend to be low. Our large cohort of well-characterized term infants allowed us to investigate the relationship between these measurements and birth size and early infant growth. Consistent with previous studies using other assays, IGF-I and -II concentrations at birth were associated with weight, length, and OFC at birth. At age 2 months, weight and length were associated with birth IGF-I concentrations whereas only length was associated with birth IGF-II concentrations. Low IGF-I concentrations at birth were associated with accelerated increases in weight and OFC Z-scores over the first 2 months. Maternal smoking and preeclampsia were associated with lower cord IGF-I but not IGF-II concentrations.
The correlation of an infant's birth weight and length with IGF-I concentration has been shown previously in smaller studies using radioimmunoassays [11, 16, 19, 34, 35] . The relationship between birth weight and IGF-II levels are less well defined, with some studies showing no correlation [35, 36] . Our results support the findings of other studies, where a weak association has been shown [16, 37] . This weak association between cord IGF-II and neonatal anthropometry is surprising given the significant effect of mutations affecting IGF-II signaling on mouse [8] and human [6, 7] size at birth. Possible explanations for this include a potential neutralizing effect of circulating IGF-II receptors on the bioavailability of circulating IGF-II [16] . This interference may be of clinical significance but it does not affect IGF-II measurement by LCMS. Alternatively, IGF-II may be more important in regulating growth prior to the third trimester [38, 39] , and IGF-II concentrations at birth may be clinically less significant.
Infants with lower IGF-I concentrations at birth had a greater change in weight and OFC over the first 2 months of life. The mechanism of this effect is unclear, but this finding may be related to low IGF-I concentrations being a marker of nutritional status [40] . Umbilical cord leptin concentration is a marker of nutritional status at birth and an inverse relationship also is seen between early growth and cord leptin [41] . IGF-I concentrations at birth correlate with adiposity and cord leptin concentrations [42] . Thus, this may represent "catch-up" growth in infants born small for gestational age who initially have lower IGF-I concentrations.
Birth IGF-II concentrations do not correlate with early infant growth in any of these parameters, further supporting the interpretation that the role of IGF-II in fetal growth is less clinically significant by the time of birth.
Maternal smoking has been shown previously to be associated with reduced cord IGF-I concentrations in females [11] . However, we have shown that this effect is seen both in male and female infants. The interplay between IGF-I and -II and placental function may provide insight into this relationship. Placental vasculature is affected by maternal smoking, with reduced length of villous capillaries and decreased trophoblast volume [43] . This may affect nutrient availability to the fetus and subsequently reduce growth parameters and IGF-I concentrations. IGF-I and -II are both expressed in chorionic and basal plates of the placenta [44] , and thus may play a key role in regulating placentation.
The main strengths of this study in evaluating the relationship between IGFs and infant size are the large number of healthy term infants included, and the use of an LCMS assay. This assay has been shown previously to be free from IGFBP interference when measuring IGF-I and -II concentrations [27] . A limitation of this study is that the Cork BASELINE birth cohort was a relatively homogenous population of Caucasian Irish healthy term infants. Consequently, it is not known if the reference data can be applied directly to other patient populations. This may be particularly important when considering the sig- nificant effect of smoking during the first trimester on cord IGF-I concentrations, as a maternal cigarette use occurred during a quarter of pregnancies included here. IGF-I concentrations may be marginally higher in populations with lower rates of cigarette smoking, such as America, where 13% of all females smoke [45] . In addition, our findings are only applicable to term infants and it is not known if the associations are also seen in preterm infants. Not all infants in this cohort had cord blood available for analysis, and it is not known if this introduced bias to our study, although this is unlikely as our findings are generally consistent with previous smaller studies. A small number of subjects had IGF-I and -II concentrations below the detectable limits of the assay, and this may also have influenced our results.
In conclusion, this study has provided reference data for IGF-I and IGF-II concentrations at birth in term infants, as measured by LCMS. These data will be useful clinically, where prenatal defects of IGF production are suspected, and may support future research in evaluating the prenatal role of these growth factors. We recommend using the LCMS assay when measuring IGF-I and -II in conditions where IGFBP interference may significantly affect interpretation of results, particularly in young infants where IGF concentrations are generally low [22] . Using this assay, we have corroborated many of the previously known associations between IGF-I concentrations and anthropometry at birth, demonstrated a weaker but significant association between IGF-II and anthropometry at birth, and shown a negative association between IGF-I measurements at birth and change in weight or OFC over the first 2 months of life.
